Abstract A simple synthesis of ferrocenyloxazoline derived chiral N,P ligands and N,S ligands immobilized on a MeO-PEG-support is described. The metal complexes of chiral ligands have been successfully applied to 1,3-dipolar cycloaddition reaction of azomethine ylides and asymmetric allylic substitution reaction, providing the products with up to 97% ee and 90% ee, respectively. The MeO-PEG-supported metal complex catalysts can be recycled easily and reused.
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Introduction
Recently, asymmetric catalysis with polymer-supported transition metal has attracted a great of interest. [1] A prominent advantage of immobilized chiral catalysts lied in easy catalyst separation and recycle. However, the immobilized ligands or catalysts which were not dissolved in common solvents often display lower enantioselectivity and less efficiency in their catalysis in comparison with their parent counterparts. So soluble polymer-reagents and catalysts have achieved wide recognition and acclaim because that reactions are carried out homogeneously which can lead to the higher rates and better enantioselectivities than catalysts immobilized on solids, and catalyst could be separated from the reaction mixture by filtration, precipitation or extraction. [2, 3] As soluble polymer modified poly(ethylene glycol)s (PEGs) recently emerged as readily functionalized, commercially available polymers that are soluble in some solvents and insoluble in a few other solvents for example ether and n-hexane. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Recently, the monomethyl ether of PEG (MeO-PEG) has successfully being used for supporting chiral ligands to be transformed in catalysts for some catalytic asymmetric reactions. MeO-PEG has also been employed by us for the immobilization of MeO-PEGsupported tunable axial chiral bisphosphine ligands which were applied in asymmetric hydrogenation of quinolines with up to 92% ee. [14] The catalyst system is air-stable and recyclable.
Recently, ferrocenyloxazoline-based chiral ligands have attracted considerable attention in the past decade due to their ease of preparation, modularity and favorable coordinating properties towards a large variety of metals. [15] [16] [17] Among them, planar chiral ferrocenyloxazoline derived chiral N,P ligands and N,S ligands are versatile, and have a wide range of applications in asymmetric catalysis. Very recently, our group mainly focused on chiral bifunctional AgOAc catalyzed asymmetric reactions under the mild neutral condition, [18] [19] [20] for examples, asymmetric 1,3-dipolar cycloaddition reaction of azomethine ylides, asymmetric Mannich-type reactions and asymmetric aminations. [21] [22] [23] [24] [25] Among these reactions, ferrocene-derived chiral N,P and N,S ligands gave the excellent reactivity and enantioselectivity. Furthermore, to the best of our knowledge, few examples on soluble polymer supported ferrocenyloxazoline derived chiral N,P and N,S ligands is reported. [26, 27] To increase the synthetic utility and practicability of these effective ligands in asymmetric catalysis, herein, we report the facile synthesis of soluble polymer MeO-PEG supported ferrocenyloxazoline-derived chiral N,P and N,S ligands ( Figure 1 ) and their applications in 1,3-dipolar cycloaddition reaction and asymmetric allylic substitution reaction. [28, 29] 
Results and discussions
To incorporate the ferrocenyloxazoline ligands into polymer, an additional functional group on the phenyl ring was required, we tried to attach the soluble polymer to 4-position of the phenyl ring. So, the chiral amino alcohol 5 bearing the source of chirality and a function for further linkage to a polymer is the key intermediate. According to a recently published similar procedure, [30, 31] (L)-Tyrosine is chosen as the starting material, methyl esterification and protection of amino group gave 2. Then the phenolic hydroxyl group was selectively protected using the TBS, following by reduction by LiAlH 4 and removal of the Boc-protecting group to afford the chiral amino alcohol 5 (Figure 2) .
According to the known literature procedure, [32] TBS protected oxazoline 6 was conveniently synthesized from ferrocene carboxylic acid and chiral amino alcohol 5. ortho-Lithiation of oxazoline 6 was investigated using n-BuLi in Et 2 O at -78 ℃ , followed by addition of Ar 2 PCl to give the compounds 7 in moderate yields. Then protective group of TBS was removed with TBAF in THF, followed by reaction with poly(ethylene glycol)s 1900 monomethyl ether mesylate in the presence of Cs 2 CO 3 in DMF, giving the PEG supported chiral N,P ligands 8a-8b in 47%-81% yields (Figure 3 ). At the same time, chiral ferrocenyloxazoline derived N,S ligand 8c was also synthesized using the similar literature procedure. [33] As is known, the pyrrolidine ring is widely present in many biologically active compounds and pharmaceuticals. Furthermore, pyrrolidines are important building blocks in organic synthesis, and have emerged as core structure of privileged organocatalysts in the past years. The [3＋2] cycloaddition reaction of azomethine ylide with olefinic dipolarophiles constitutes a straightforward approach to the synthesis of highly substituted chiral pyrrolidine derivatives. [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] So far, many laboratories have reported the catalytic asymmetric [3＋2] cycloadditions with azomethine ylides by means of a variety of ligand-metal combinations. Our group reported that the ferrocenyloxazoline derived chiral N,P ligand showed excellent performance in the Ag(I)-catalyzed enantioselective 1,3-dipolar cycloaddition of azomethine ylides.
To find out whether the MeO-PEG-supported chiral ligands have any influence on the outcome of the reaction, we first tested ligands 8a in the AgOAc-catalyzed 1,3-dipolar cycloaddition reaction between iminoester 9a and N-phenylmaleimide in toluene. To our delight, we found the cycloaddition reaction finished in 3 h with high activity and excellent enantioselectivity (Entry 1, Table 1 ). Subsequently, the effect of solvents was examined, and 7a: X = Ph 2 P, 54% 7b: X = (4-CF 3 C 6 H 4 ) 2 P, 27% 7c: X = PhS, 44% found THF was the best solvent in view of reactivity and enantioselectivity (Entry 2). So, we selected THF as solvent and examined effect of ligands and temperature. Gratifyingly, an improvement in enantioselectivity (97% ee, Entry 5) was observed with ligand 8b bearing a strong electron-withdrawing trifluoromethyl at the para position of the phenyl ring, which is in agreement with our previous result. The slightly lower ees were obtained at 0 ℃ (Entries 6-7). Thus, the optimal conditions for asymmetric cycloaddition of azomethine ylides were AgOAc, 8b, THF and 25 ℃. On the basis of the optimized reaction conditions, we investigated a variety of iminoester substrates derived from aldehydes with a variety of steric and electronic properties ( Table 2) . High yields and excellent enantioselectivities were achieved in all of the reactions. The cycloaddition of 9a gave the best 97% enantioselectivity and 95% isolated yield (Entry 1). For iminoester bearing no substituent, electron-withdrawing substituent, or electron-donating substituent on the benzene ring, the reaction proceeded smoothly in excellent yields and enantioselectivities (Entries 2-4). As for imines bearing an ortho group on the benzene ring, the corresponding 1,3-dipolar cycloaddition adducts were obtained in 94% ee and 90% ee, respectively (Entries 5-6). It is noteworthy that the almost identical enantioselectivity was obtained for the reaction of 9b with the ligand 8b and its non-supported mother ligand (Entry 2, 92% vs. 93%).
Then, the recovery and reuse of the MeO-PEGsupported chiral ligand 8b was studied. We chose the 1,3-dipolar cycloaddition of iminoester 9a with N-phenylmaleimide in THF at room temperature (Table 3 ). Because MeO-PEG supported ligands 8b could not dissolve in Et 2 O and the desired product could dissolve in Et 2 O, we removed the solvent by oil pump when reaction was completed. Then the system was washed by Et 2 O until no product was tested under an inert atmosphere. The recovered catalyst could be recycled for four times nearly without a loss in enantioselectivity. It is noteworthy that the activity slightly decreased, the reaction times were properly prolonged for the satisfied yields (Entries 1-5). But when the catalyst was run in the sixth time, the activities and enantioselectivities decreased remarkably (Entry 6). The Pd-catalyzed asymmetric allylic substitution is one of the most versatile routes for preparing optically active compounds through carbon-carbon or carbon-heteroatom bond formation. [28, 29] Sulfur-nitrogen ligands have recently been proved to be successful in asymmetric allylic substitution. [51] Encouraged by the excellent results obtained in the 1,3-dipolar cycloadditions, we decided to test the catalytic performance of the polymer-supported ferrocenyloxazoline derived N,S ligand 8c in this reaction. The reaction of (E)-1,3-diphenylallyl acetate with dimethyl malonate was proceeded in CH 2 Cl 2 using [Pd(allyl)Cl] 2 (2.5 mol%)/8c (6 mol%) as catalyst and N,O-bis(trimethylsilyl)acetamide (BSA) and lithium acetate as base, respectively (Table 4) . To our delight, the catalyst still kept its good enantioselectivity even after being recovered and reused five times. The activity only decreased remarkably in the sixth time. 
Conclusions
In summary, we have developed an efficient method for the facile synthesis of MeO-PEG-supported ferrocenyloxazoline derived chiral N,P and N,S ligands. These ligands have been successfully applied in asymmetric Ag-catalyzed 1,3-dipolar cycloadditions of azomethine ylides and the Pd-catalyzed asymmetric allylic alkylation with up to 97% ee and 90% ee, respectively. Furthermore, the MeO-PEG-supported ferrocenyloxazoline ligands can be recovered and reused.
